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PREFACE

This report has been generated under the terminal ballistic analysis portion of Project
25490313, It is, in essence, an extension of a closed hreech gun interior ballistic analysis
reported in Air Force Armament Laboratory Technical Report AFATL-TR-69-42 (<ee
Reference 1). The computer algorithm was developed by Otto K. Heiney, Captain, USAFR,
as part of the duties associated with the Air Force Reserve mobilization program.

[ ]
his technical repprt has been reviewed und is approved.
CHARLES K. ARPKE, Lt '
Chief, Weapons Effects Division !
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SECTION
INTRODUCTION

This report presents a first order mathematicai model of the interior ballistics of two-stage
iight gas guns. The model and experimental data are presented for a helium system, but con-
ceptually, any driver gas can be used if the thermodynamic properties are known,

Section |1 describes the models of the combustion chamber, the pump tube, and the
launch, tube, as well as the mechanism of coupling between the chambers. The results of the
analysis (Equations 11, 20, and 24) are in an incremental form specifically tailored for digital
machine computation.

The computer prooram generated from the analysis is listed in Section 11{, along with
samples of input and output data, as well as a test case.

Section 1V illustrates the comparison of experimental to analytic data fit and discusses
the particular experimental system utilized to verify the generated mathematical analysis.
The analytic approach used is essentially heuristic. During this effort, enginesring simplicity
has been selected over mathematical elegance. The vague or undefined lumped parameter
constant approach has been avoided as miuch as possible,



SECTION It
ANALYSIS

1. SYSTEM DESCRIPTION

The light gas system used to generate and calibrate this mathematical model is shown
schematically in Figure 1 This system is a typical two-stage light gas gqun which uses helium
as the working fluid. The mechanism of operation is to burn gun propellant in the combustion
chamber until a pressure is generated (around 900 psi} which, for this device, will shear the
restraining ring on the piston and allow it to travel into and compross the helium gas on the
pump tube stage. The gas being compressed eventually reaches a much higher pressure than
the driver gas, due to the inertia of the relatively heavy piston traveling at a velocity of
approximately 2,000 ft/sec. This pump tube gas is compressed until it reaches a pressure
adequate to shear the restraining mechanism on the propelied payload. The projectile is then
accelerated at high velocity down the evacuated launch tube, utilizing the very low pressure
gradient decrement associated with the low molecular weight of the light gas. The simplified
heuristic mathematical analysis of the physical phe~romena occuring in the system is discussed
in the followiny paragraphs. Tabile 1 defines the symbols used in the mathematic analysis,
Figure 2 illustrates the experimental launcher system used, and Figure 3 shows the target area
and target evacuation system. ‘

2. COMBUSTION TUBE ANALYSIS

The solution for the combustion tube, or propeliant burning side of the device, is through
a standard gun ballistic approach similar to that given in Reference 1.

- The energy balance for this section will be
Ey=Ex+Eg+ Ey n
Where |
E is the energy put into the system by combuétion of the solid propellant.
E5 is the translat.onal energy of piston.
E3 is the heat loss to wails.
' Eq is the energy required to accelerate unburned propellant and combustion gases.
The chemical energy generated will be
Ey = mpy Cy (Té - T {2}
Reference: :
1. Heiney, O. K., Analytic and Experimental Interior Ballistics of Closed Breech Guns,
Air Force Armament Laboratory AFATL-TR-69-42, May 1969 (Unclassified).
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Figure 3. Target Area and Evacuation System




Bore area of combustion chamber
Acceleration of piston

Bore area launch tube
Acceleration at payload

Specific heat of gas at constant volume
Total mass of gun propellant
Force

Acceleration value of gravity
Impetus of propellant

Pseudo-mass of compression piston
Mass of compression oiston
Molecular weight of light gas

Mass of propellant burned

Mass of payload

Mass of pump tube gas charge
Pressure in combustion chaniber

Pressure in pump tube chamber

Net action pressure on compression piston

Pressure at projectile base
Universal gas constant

Linear propellant burning rate |
Burning surface of propellant

Time

10

TABLE 1. LIST OF SYMBOLS USED FOR MAfHEMATICAL ANALYSIS
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TABLE 1. CONCLUDED
Gun propellant gus temperature
Gas tbmpemtum in pumg tube
Isochoric flame temperature of propellant
Volurie of pump tube chamber
Veloceity of compressica piston
Initial volume of propellant chamber
Pay“oad velocity ‘
Reference distance to compression piston
Payload distance reference
Heat loss factor combustion chamber
Heat loss factor pump tube
Gun propellant gas density factor
Density of propettant
Specific héat ratio of combustion ases

Specif heat ratio of light gas
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The tronslational eneryy of payload will be

Ey = —%-— vaC2 _ {3}

The heat loss of the gases is proportional to the distance traveled, which is roughly pro-
portional to the square of the velocity (Reference 2). This heat loss can then be approximated

Eq = :’.;L ﬁcmavcz (4)

Using a Kent form solution {Referance 3} with high velocity moaifications for the energy
contained in the accelerating gases and unburncd propellant, the following approximation can

be obtained:

C
Eg=—L W2 {5)
4 2 g ¢ .
In this equation, 6 equals 3 at low velocities but increases at high velocities because the density
distribution becomes less uniform. This effect, and the variation of & with payload velocity,

is discussed in Reference 4.

An effective mass may be defined as

¢
my = mg + W | ©
g\)
Then ‘ _
By + B3+ Eq = (14 ) 51 mave? + PeAX, o

The term 7 is defined by

(ve-n=—o_-._FB (8)
.{c - = = B
Cv  CyTp
References:-
2. Hirschfelder, Kershner, and Curtiss, Interior Ballistics, Volumes | and Il. NDRC Reports

A-142 and A-180, February and April 1943, (Declassified).

3. Kent, R. H.: "Some Special Solutions for the Motion of the Powder Gas,” Physics 7, 1936.
4. Heiney, O. K.: “A New Computer-Oriented Formalism for Gun Ballistics,” Proceecings
3rd ICBPG-A{AA Solid Propulsion Conference. Volume {, 3-5 June 1968 {Confidential).

12



Then, from Equations {2}, (7), and (8}

T 1, 2 ‘
mNFB< T °)=~2-w(/c-1){1+ﬁc)mavc {9)

The temperature ratio is eliminated by the introduction of the equation of state to give
the basic ballistic equation for the propellant combustion chamber,

PelVp + AcX) = myFg - (Ve - 1) {1+ ) T2 v;2 (10)

The following differential form of Equation (10} is more convenient for incremental
computation:

dP dm dv. dX . dX
—C (Vp+AX) = —DFo . {y -1 (1+RIm, —C € .p A —C (1]
ar Vet AKX = P Fg - Ve - N VY Bedmg 5 WA g (1

Equation {11}, coupled with the expressions for propeliant burning rate and those describing
the motion of the pro ectile, provides a complete solution for the combustion chamber. The

expression for gas gentration is then

dm
at = I'SB PP {12)

where Sp is the total exposed propellant burning surface, # p is the density of the propellant,
and r is the linear burning rate of the propeliant. This burning rate is a non-tinear function
of the combustion chamber pressure; thus, the r vs. P data must be read into the computer in

tabular form.

The equation of motion for the compression piston is derived from a simp!é force
balance:

Py = Pc- P
F = P\A = mga,, (13)
dVC 2 = AC(PC - PL}

dt p mB

13



The preceding discussion provides the solution for the pressure on the combustion side,
while the following discussion develops the solution for the pump tube. The solutions are
quasi independent and coupled only through piston motion,

3. PUMP TUBE ANALYSIS

The solution starts with an equation of state for this chamber;

PLVA = ”LRTL ' (14)
Then taking
R=Cyly_ -1 {15}

and differentiating gives

dPy . Va + PL dVa =n Cy «——L—dT {16}
T P A N BT dt

Equation {16} is a differential energy equation for this system. Collecting terms and including
a term for the work performed by paylead projectile acceleration gives:

dp : R P d
L ar, Py Va ST ) mSoVS_‘_j.‘iS‘ (17
dt VA dt VA dt dt

Consider the last terr~ with mg (handled as for the combustion on tube analysis] as a
combination of the launched payload sabot and projectile weight plus a varying fraction of the
compressed gas mass. The advantage of the use of helium for the working fluid is apparent
here. Figure 4 gives the value of this variabie (gas density gradient factor ) as a function of
projectile velocities, with n; being the charge of helium on the light gas sidc.

- .
mS = ms + ‘79 ) {181

After including [+, the result for this term is

| N |
(YL -1} (1 + By) mgvg ——‘(’ni (19)

This gives, finally, the basic differential pressure equation:

14
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DPL R dy  PLA.  dX, P dXg dvg
= + . — ... . + bkt~

AS pm {y L N ﬂ2} mgvg at

(20

at - bvy Td Va dt Vg

The resuit of Equation (2} is then coupled with the results from the combustion chamber
analysis. Also, required is the foilowing relation from Reference 5 which is valid to the first

order for the stepwise quasi-isentropic appreoach used;

P dT_ - _R__ dp (21

T dt cp dt

Again using Equation (15} gives

aT. L (YL T dP
dt YL PL dt

{22)

Equations {20} and {22} provide an incremental solution for the pump tube pressure as
a function of time, when coupled with the solution for compression piston motion.

4. PRESSURE GRADIENT AND PAYLOAD MOTION
Equation (2) provides a time history of the space mean static pressure. An expression

for payload motion, however, requires the pressure at the base of the shot to be defined.
Reference 1 covers this pressure gradient computation in some detail. The results of that

analysis provide

. 2 . .
FL 3 gRTL

Whare Pg is pressure at the projectile and P is mean chamber pressure.

Equation (23) is plotted in Figure 5 and dramaticaily illustrates the advantage of using a
low molecular weight gas as the driving medium. It is seen that at a velocity of 10,000 fps,
combustion gases with a molecular weight of 24 are no longer able to deliver energy to the
accelerating payload. Helium, however, with a molecular weight of 4 is seen to remain 44

Reference: '
5. Liepmann, H. W, and Roshko, A.: Elements of Gas Dynamics. Wiley, 1957,
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percent efficient in it. ability to deliser useful enargy to the lprojectile. At these velocities,
regardless of the breerh pressure, a gas with a heovy mean mofecular weight of 24 will require
virtually all’the generated thermal eneryy to acquire the necessary directed kinetic energy

to reach payicad velocity. The lighter molecular weight gas will require much less of the
available energy ta be accelerated to payload velocity. With this pressure gradient defined,
the payload motior equations become, then, quite simpie Enfan incre-nental form:

o

i
i

VS=VS+asdt

with ;
I
ag = PgAg/mg f {25)
|
1

Equations {11), 120}, and (24) provide solutions for pressure in the combustion tube, pump
tube, and payload motion, respectively. A complete solution is possible if the foliowing initial
conditions are known: volumes, diameters, and weights of projectiles and propellants, Addi-
tionally, initial gas pressurization and sabot release pressures must be determined accurately
because the system performance is extraordinarily sensitive to these two parameters. .

|
{
!
|
1
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SECTION 1
USERS GUIDE

This section provides a nomenciature table {Table 2}, a program listing, and sample input
and output data so that this computer code can be run as it currently exists or it can be -
modified for other particular applications, such as those discussed in Reference 6.

An abbreviated flow chart is provided in Figure 6 and provides general comment statements

that may be lacking in the program itself. The program may be run on reasonably small

computers because core requirements are moderate, Table 3 provides a sample of the necessary

case input data, and Table 4 is the associated output.

1. INPUT DATA

The input data for the program are in two mam categories. The first-goes in only once,
" and consists of 13 cards containing propellant and light gas data. The second set of data
consists of case cards; three cards are required per case, and as many case cards may be

stacked as is desired. The particular data are as follows:
a. Propeillant and light gas data:
Card 1 contains propellant 5mbeius, specific heat ratio, density, covolume, and type.
Cards 2 and 3 contain 20 reference pressures for propeliant linear burning rates.

Cards 4 and 5 contain 20 burning rates at the fixed reference pressures.

Cards 6 and 7 contain 20 fixed propellant gas velocities.

Cards 8 and 9 contain 20 propeliant gas density factars corresponding to mean
density distribution in systems with the fixed propellant gas velocities,
Cards 10 and 11 contain 20 fixed helium gas velocities.

Cards 12 and 13 contain 20 system helium density distribution factors corresponding
to the fixed helium gas velocities.

b. Case Cards:

Card 1 consists of the following system physical property data for the combustion
chamber, Bore area, chamber volume, piston weight, piston travel, propellant web, heat
ioss facicr, propellant charge, initial helium pressure, piston shot start pressure,

Refzrence:
6. Rynearson, R. J.: Qptimization of a Two-Stage Light Gas Gun. Thesis, Texas A&M

University, December 1972,
19
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HAS THE PROJECTILE
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LEFT THE BARREL?
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|
|
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|
|
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i

1
CALCULATE OR READ INITIAL
CONDITIONS

.
|
|
i
i 2
IDENTIFY
PROPELLANT TViPE
KN
|

ADVANCE TIME
tet+ At

|
DEFINE POWDER BURNING 3
CHARACTERISTICS AND GAS

ADOITION DUE TO BQRNING

V.

FIND APPROPRIATE 'G'S BASED
ON PISTON AND PROJECTILE VELOCITY

L

i 5
HAS PISTON SHOT START \
PRESSURE BEEN ATTAINED?

i [YES

CALCULATE PISTON BASE 6
PRESSURE ,.ND ACCELERATION

AT TIME "t

L

CALCULATE NEW PISTON 7
VELOCITY AND POSITION
BASED ON STEP 6

1

HAS SABOT SHEARED?

3

CALCULATE PROJECTILE ACCELERAN 9
TION AT TIME 1" AND NEW VELOCIT

AND POSITION

1

CALCULATE dT/dt FOR LIGHT GAS N9
AT “t s04 1

0
'
'

:
REINITIALIZE n
LIGHT GAS

)
1

RE-INITIALIZE 12

POWOER GAS

Figure 6. Code Logic Diagram

;
! 13

WRITE DATA FOR TIME "t
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ACEL
“LEA
ALGT
AREA
BARE
BDIS
BETA
BLIS
BLTA
BP
CHG
CPEG
CPIC
CPLG
CPRS
cvL
CVvOoL
DAN
DELTA
DFLG
DIN
OLDT
DOT
DPDT

TABLE 2. PROGRAM NOMENCLATURE

Acceleration of the piston
Cross-sectional area of barrel
Acceleration of the projectile
Cross-sectional area of pump tube
Burning area of propeflant

Piston trai.’ei

Heat loss coefficient for propellant gas
Projectile travel

Heat loss coefficient for light gas
Mass of propellant burned

Initial powder charge weight
Projectile base pressure

Projectile muzzle velocity
" Average light gas pressure

Average propellant gas pfeésure
Covolume {n) for light gas

powder chamber volume

Diameter for ball type propetiant
Time increment |

et factor for light gas
Propellant grain inside diameter
Piston velocity

Pro;ﬁellant Vgra’sn outside diameter

Pressure slope in propellant gas

21
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H
H
)

DPLG
DTDTA
EFM
FimPp

FPU

FVOoL

GAMA

GMLG

GN

GRNS -

HCPP
HGBL
HélD
HGiP
HGIT
HGIV
HGM
HGIM
HLGP
IPT
PIT
PFAC

PLGR

TABLE 2. CONTINUED

Pressure siope in light gas

* Temperature slope in light gas

Effective or psuedo mass of piston
Impetus of propeliant

Fraction of prepeilant burned
“Free” volume of propellant gas
Specific heat ratio of propellant combustion gas
Initial powder gas density

Specific heat ratio of light gas
Propeliant gas density

Number of propellant grains

Peak pressure in propellant gas
Barrel length

Initial light gas density

tnitial light gas pressure

Initial light gas temperature

initial light gas volume

Mass of light gas

Weight of projectile

Light gas peak pressure

fdentifies propeilant type

1.5, empirical correction factor
8" factor for propellant gas
Isentropic pressure ratio in light gas

22




PREX
PRS
PSL
PSY
RFST
RHO
RTF
RUN

SABPR

SCPRS
SHOT
TIME
TF
TLGS
TYPE
usw
VEE
VEL!
VELZ
VLE
VLG
VLGS
WwEB
WMAL

© WMOL
XLIN

TABLE 2, COMCLUDED
Piston base pressure
Array of powder chamber pressures
G array for light gas
5 array for propeliant gas
Diaphragm burst pressure or projectile release pressure
Propeliant weight density
Universal gas constant (Units = ft - Ibg/lb o1 K) value = 2780
Pump tube length
Powder diaphragm burst pressure or piston release pressure
Initial powder chamber pressure
Piston mass
Elapsed time
Flame temperature of propenaht
Average light gas temperature
Output érray to write propellant na.mé
Unburned propellant volume
Velocity array for propeliant gas
Oid piston velocity
New piston velocity
Velocity array for light gas
Projectile velocity
List gas volume
Prepellant grain thickness
Light gas molecular weight

Propeilant gas molecular weight

Length of propellant grain
~23




TABLE 3. INPUT DATA
346180, 1,292 L8683 29,68 Metad o
368, 568, 7én, 1809, 1504, 2082,
60MAB,  BABMA, l0GAG, 2¢700Q, 3@kea, 40p0e,
.13 o2 .28 .38 B2 .68
1.72 2,29 2,78 4,6 6.7 8,3
8.  Sem, 1w2a, 150¢a, 2p00, 2500,
5pdo, 5560, éapn, 63029, 7020, 7%23,
3, 3. 3,65 3.4 3,18 3,35
4,09 4.3 4,55 4,85 5,2 5,55
.« 20080, de0e,  sado, ‘8aen, 1Avag’
200/, 22009, 240Cp, 26uAp, 2802n, I2000,
3, 3, 351 3.2 3.4 2.6
TTTTBL.S TR, T8y 7. 8,0 8.6
" 4,15 895, .48 136, .218 3 .32
Seee, 132, 49, 2033 565,

2500, Jaen, 423¢, S5eae.
50200, 708000, 120A2n,20@8000,
.81 .96 1.2 1,45
9,6 12,2 15,8 25,
leoa, 3ser, 4230, 4502,
Bgaa, Bsoe, Seag, 1200¢.
3,38 3,50 3.72 3,85

5,95 6,42 7.0 12,8
‘{2000, 14p0, tAep3, {BFZE,
36000, 400P¢, 45003, S02¢p,
3.9 4,2 4.6 5.1
11,5 13,6 16,7 20,2
102, N9,
329, L1986 .2
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WIG=T Gad 23IZE

Y&avE,
e, a2
[ X4

TUELE2
#,22
2,22
e,e?
2,22
2,22

% 2 ]
e,2?
e.2
2,22
.22
e.e?
e.?
P,2>
S F
e,2?
.2
2,22

T A

Py

. e S
TABLE 4. CASe QUTPUT
EulT w?, LmaRSE »EB B LENST 48 vCi BIAE aREa
TR 48 3,322 EPET.E RN 6100 R 11 0¥ - R PR B
L2G=T 58 Gus Cata ERTA SR 24154 BLLENGT CrB wCi, BCRE aREs wEAT T899
“A!.333§! o 132.0? 1T .;96 . .20
MOLECULAS wEXIwT o a2 LAY LC88 FalYuhk 18 .32 PRCPELLANY 88D I& J¥pYEw 7 wai
PROFELLANT FTRM Y8 S1cl f PERFCOAATE 0R CONSTANT SUSFALE
vvereserv ey BLSPEL ANT 837F Svencsaversses esesvvreenwen
TIvE L=s¥8 SRFS TIIVE, PRIV -BUGANEZPRES 8, 29f VELCTITveslB PRES vELEZITY
R 3208220 117, 2,222 A, 2118 2138327 2,22 a2 P22
P.r210082 134,88 », 822 2,223 21384 44 2,32 Az, el .22
WL, R4 1 3-3008 ] FLERXTUUURLRBEY O ZISES L ET TUOUTTTEL2T T AR,L23 B O B
[N EAFELT] 185, LR 2,8462  21386.79 2,22 ar,e? ¢, 02
EFEEYELE H LI 2, z20 A, 078 21587 ,97 2,42 47,02 CRaRe
LTI TS 23,4 2,222 2,088  21%89,1% 2,22 ag, 22 [T
2. 0850020 2223 2,092 2,e8090 215%2,32 g.22 a2, 02 P.20
N P,2284000 234,2 CALeer  RBL,R924 21891, 2,22 ar,RR [LLL
o TE e 284, 4 3,222 B, ia4d " P02 88 Te? AR T TR
P, P0822¢0 N 2,222 20,1156 21%93,83 2,22 az,R2 LELE
P,PREE222 232,2 2,222 23,1271 21%38,2) 2,2 e PR
R,%286300 327 2, 082 8,1387 21891, 82 2,22 LT %1 a2
*, 0124202 323.% 2,230 8,137 22834, ,82 2,¢2 a2, 22 LY
P.R112222 S Yaa 2,40 2,1633% 242478 ’,.e2 a2 poae
TELRE2x20) 3819 2,833 7 7T 2,188 eS187 04 2,270 TTTARLER U e,RR
2.2328208 384, 2,222 2,130 26353 7% .88 42,20 [ % 1
[ S01.T L) 26,2 *,222 d 2248 27817 .34 2,22 42,27 a,02
Q,R144000 4385 222 a 2288 28831,°% 2,22 a2, 22 2.22
p,r122200 437,2 2,222 BL23%9 30327 ,44 2,22 42,987 2,2¢
#,21%¢200 4y = 2, 2:2 2,2%:8 31749,43 2.e2 42,22 Fade
AL 273,8 2,222 7 UUBL269F TUWIIEI.I5 T T ZLIRUUUCUTIIRLEE U T .32
2,71%2825p $31.# 2,222 2, 2883 15078 sS4 Z,22 42,22 #.e2
P,218422¢ 23,9 2,222 2,387¢ 36989 ,99 2,27 42,29 P2
ER A ¥iLad 52,4 2,222 2, 328¢ TR32E 22 2,22 LT %24 e.J0
B R2RIPP) 8g2,4 X, 222 2,345 41138,68 2. 08 42,22 ¢, e
N FETETE] zex 0 3,220 9,372 43182 3¢ 2,27 ar Q2 e, 22
P,B216202 52,2 REARTT ORISR anYsX,BY EE %5 e 57 I Y]
»,2224072 725,% 2,022 2,421, 42367 ,18 2,22 2,22 (]
a, 223008 163 2 ?.ee2 2,4474  %P1ad, 08 2,22 ap 02 [T
P r2ARP2Y 812,21 3,222 B, 4745 J2418,22 2,28 At e, 22
f,Pz4872p82 £33,3 2,222 2,0083¢ 54797 ,26 2,02 a0 [
r,R2%0200 1T P 3,202 ,5330 4r284 08 e, 2 a2, 00 PLEP
e, 9237380 LEL IS B r22 7T TR,Y4s BB ,18 T2y UUTTTAM g T
»,02877%2 $28, 4 2 om0 @,%aap sresa, s 22,38 LT % 3 ?,28
P 28818 g1, 2.a22 8,.54%6 31588 41 32,88 ae, e [ 1]
P, 0258552 $13,2 2,042 A 54y 3Y438,%4 41,23 42,23 2,28
L1114 RS- 2,042 2, N4l 87387,%% 31,88 g, T4 #.28
2, 225530 917,42 2 P45 2,5%0 2r472,.83 &2,82 42,26 2.0
®, 2250780 $1v.% FA2UTT T @LENLE TUATRI4 R T TR AT T 42,0077 T pL28

P,22
2,82
g.22
¢.22
[T

e,

?,22
Y
p.ee
2. 22
2,72

I A

2,22

o

=

88 PIES

@

42,8

&,
42,82
2,02
A, e
42,22
ar,e2
a2,
a2
apL22
42,28
42,22
a2 22
LT
42.22
a3 .2
42,02
4z, 2
42,23
4,22

4t 3.

42,22
42,72
47,22
42,92
42,92
42,22
42,22
4,22
42,22
a2, e
42,22
42,22
42,04
42,01
42,23
FY AN
4,28
L1 1]

AR sEEVRS
*Ewp
3,22
yp2,02
322,22
Jer. 2@
Jer, 22
lpe,.ne
Jer,2e
I22,22
RN
le2, ¥
pEFIF T
2y
322,22
Y2 22
12,32
20,22
Je2,er
3, M2
2,0
Jeaz, 22
lp2r,e2
o 22
Jap e
2,09
2.0
Jze, 2
322,22
ML T
R 2
e
Jr2,22
Jer, 22
Jer, 22
Jee. M2
322,24
Jge.28
.12
Je2, 18
Sp2,28
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B,048(3d8

#,22E2559
B,028a0%2
A B241350
r.R281750
?,0262150
a,P2625%0
@,ne8205n
e, r283350

AT AELT D

",0204158
R.2284352
R R264950
B.2263350
R, 024858730

TR, p286150

»,8286573
%,2288549
2,8287349
?,3287749
P 0268149

B,n268549

®,P2089490
?,0260349
*, 0280743
P,OR72148
P o284
R,2270943
BL2271348
2271748
R,A272143
PLA2FE%49
2.,2272949
PLP27IIMR
P.2273749
2,%274149
2,0274%49
P,R274949
2, #279349
N, Rer5748
?,227614%
R,A27:3548
B,0226949
®,.D277343
P.2322740
RLP228149
?,027554%
P.B2YES4AS
B,2270340
P,2274749
R, 2280140
T, P282%49
P A28A549
?,0281349
#,02817485
N, M2d42143

P,A282545°

R R282049
2.9283349

e 7T
LA o
Srid Ga
IO

TABLE 4. CONTINUED

ST T TR, 88347 s8a92, 96 T B2,08 T Tag st 0,08 1] 42,11
#,281 A,585%8 s8747.8p 93,38 48,14 a,.99 o.00 a4
B, 248 _ 8,558  56599.17 103,87 42,17 B0 .tz am,1?
8,381 8,558y “464ar,1{a 114,38 A7 T TeLee 2,02 49,21
2,358 @,3587 36291.,39 124,96 2,2% [N} 2,22 4,23
7,421 L 8,361 35132,68 133,54 42,38 6,02 2.80 42,32
2,488 8,382  53870.36 148,18 42,38 .22 2,22 42,33
2,584 2,5645 55824,67 136,78 LI PRY 4 p.00 3,22 a4y, &9
n,839 8,386 55633,0% 187,43 4, a5 28 2,42 A, 48
8,722 a,5677 5%a63%,2% 178,12 77 4@ 8T T e e T T, a8 43,82
LI 1Y 2,5693  55287,.%% 184,82 43,58 ®,82 g2 42,58
IETM] 3,370 s%yp8,5% 195,43 N 1] 2.ca L3
e B.3725  %4928,3 212,32 42,72 L1 e,2a 42,72
1,183 B.5741 sa7ad.80 221,28 4z, 80 e, #,22 42,82
R IE N 2,57%8  s45%2,89 231,88 42,85 L B 2L 42,88
1,322 8,5774° " 8a3808,18 242,087 T4 BE T ?,7¢ 42,84
1,448 8,570 5415%,11 253,98 1,25 [ N1 ] [R-14 41,25
1,871 80,5806  43966,90 264,42 41,13 *.a0 e, 41,13
L ¢.%82) 33765.%9 278,01 4),24 a,ae [} 41,2
1,833 28,5839 53361,21 286,25 41,34 8,08 e.e2 41,34
1,978 ?,585%  533383,78 297,18 41,48 e.2e 2,02 a1, 45
2,120 é.5%5872 53143,35 3B, 12 EI0- S Y |- #.2a 41,598
2,271 8.5888 $2929.54 315,12 41,87 #.20 2,80 41,87
2,427 2.5983  s27y13,.% 337,19 41,78 2,82 2,20 1,79
2,588 2,5%21 524%4,32 Ja1,12 41,82 1] 3,8 41,92
2,754 2,5938  82272.18 352,16 47,04 ¢,82 2.7¢ 4z,04
2,928 @,5954 - 82047 .22 383,23 42,18 a,82 e,%2 42,18
A, 183 B8,557¢ 51819,45 374,38 42,38 T gL 28 2,02 «2,34
3, 263 8.5987  %1388,03 3In5, 41 ap, 4% .00 [} 42, 4%
1,473 . 9,0044  51355,69 396,53 az,%2 ¢.08 2,0 42,52
3,658 B.6021  31119.75 427,68 42,78 e 2a 2,22 a7
3,864 a,6838  Se88%,7% [T VY 42,91 .00 2,73 42,51
4, %08 B854  Sp548,85 a3n 02 43,07 @, N #,22 43,27
4,217 2,5871  53395,34 441,22 T OTTTRIIITTT T 8D X212 43,23
€, 492 ,6888  53158,1) 482,43 43,41 [-T] 0,23 43,41
4,711 P.518%  45981,48 aBy, 67 43,58 p,02 2,0 43,58
4,937 23,6122 49633,34 ara e 43,78 8,22 2.92 43,78
5,187 2,6138 45347 ,.084 488 19 43,55 [ 7T LI F 43,99
3,423 a,b1458 49114,94 a7, a8 44,14 2,02 3,89 4a,14
5,645 7777 BLB1r2 T 48BAR, 2D SAg, 78 TTRAYE T TR R U e 44,34
5,892 $,6189  48%83),88 $22,11 44,54 2,88 2,30 FYR-1}
€,.144 G,h206  4B28%,45 531,44 4,73 2,82 ®,82 44,78
85,4327 77 T @622 48pP5.02 542 8P 44,98 2,28 [ 44,34
9% 73] a,5240 AIT22,.67 84,47 43,14 £2.88 8,22 45,18
8,934 P.6237 47430843 563,33 45, 44 2.0 2,22 45,41
TR RN TR ETATATLN2, 38 B2E, 95 T UARUEYTT TR TR, 2 45,84
7,488 82,6282  46B864.5y 588,38 45,88 .29 Q.82 45,88
7,773 B, 5309  4B6574,9¢ 599,79 45,12 ¢.ee a,2» 46,12
4,064 0,.6328 48283,7¢ 611,24 48,37 p, 00 e, 22 i8,37
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L5 LE AN D Y5 S 711 /-1 Ry - - P2 St 0 - et 20" 1 s ST S 47,18
9,251 2,639% 453183,20 657,18 47,44 g.,00 2.22 47,44
. 6a@ d,6412 ARBA4L 45 [-1-1.99 1. 47,72 £.00 2,22 47,72
9,923 2.5429 44824, sBa, (8 48,0} @.00 .00 48,21
12,283 ¢, 6447 A422),04a £91,71 48,31 [ N1 2.2 a8, )
19,487 @,6464 43900 48 783,23 48,01 .24 -1 48,81
UG YT P71 S M -1-1. 001 4 ¢ 5 1 Saamir 1.4 1 PLa - R TN} ]
11,274 8.549%  43291,%4 726,38 49,24 2,88 2,02 49,24

LY ]
Ine, 42
See, 32
dpe.63
Ie2, 78
3o, 8%
Iry, 2
321,22
321,92
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321,74
321,58
Iez.a8
2,39
32,93
Ar2,.48
323,14
323,42
w3y
334,21
Sra, %2
Ipa, e
324,98
35,52
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328,26
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hERSOPS-)
327,68
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drL .97
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LEL- - T
e, a0
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31,2
311,33
312,39
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313,23
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314,44
313,43
315,68
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316,43
319,78
320,49
21,24
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322,789
323,492
324,44
323,23
326,19
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Card 2 consists of pump tube physical parameters, which are, in order: sabot start
pressure, launch barrel length, initial pump tube pressure, payload weight, pump tube volume,
pump tube initial temperature, launch tube area, and pump tube heat ioss.

Card 3 has a propellant form flag; the number 1 indicates a constant burning surface.

2. PROGRAM QUTPUT

The program listing is given in Table 5, The output (Table 4) is for the listed input data
{Table 3) and corresponds to an experimental test firing conducted with a light gas gun. The
correlation of experiment to analysis for both the pump tube and the combustion tube are
given in Figures 7 and 8. The time sequencing for the analytic data has been worked backward
from the experimental peak pressure because, in practice, the ignition transient is exceptionally
long. The phenomenally long ignition delay is due to the extremely low propellant loading
density and attendant required flame spread time at low pressure. Because of the erratic
combustion properties of gun propellant at very low pressure, this several hundred millisecond
ignition delay is effectively non-analytic.

The computer output shows that the program will print data every 800 microseconds untii
the driving piston starts to move, in this case at 900 psi. The program then prints data at
a rate of every 40 microseconds until the payload sabot is sheared and starts to move. This
occurs at 5,000 psi light gas pressure, and the final print frequency rate becomes once every
10 microseconds.

Figurés 7 and 8 present a correlation of experiment and analysis for the comt ustion side
and for the pump side, reipectively. As previously mentioned, time justification .as been by
coincident pressure peaking on the pump tube side.

As is seen, the correlation for both the helium and propeliant chambers is very good;
however, it is not exact. The pump tube side has a somewhat sharper pressure decay experi-
mentally than is predicted by the analysis, this is doubtless due to heat loss effects or sabot
friction which is not totally accounted for in the mathematical model. The combustion
tube pressure rise has an analytical variance from experimental, which is to be articipated from
the non-analytic nature of the slow smouldering ignition transient described previously.
Additionally, at the end of the compression stroke, the analysis predicts a slight pressure
recovery , which has not been seen experimentally. The analytical muzzle velocity prediction
of 11,360 ft/sec compares with the experimental velocity of 11,210 ft/sec.

In summation, it can be stated that apparently the mathematical model of the two-stage
light gas system is valid for performance prediction. It serves as a useful tool in determining
required propellant and gas charge loads and in optimizing sabot and piston design shot start
pressures. Although useful refinements should be readily apparent, the core of the program
can be easily manipulated to accept more sophisticated modeling, if required. As a heuristic
design tool, the core program is largely satisfactory.
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TABLE 5. PROGRAMIJSUNG

DIKENSION PSY(20),VEE(22)
QIMENSION PRS(?%),Q&TE(?“).TYPEts)
DIMENSION PROPF (4,3)
TTTTUOIMERSION FRYCIBY L FRY AT FRYSTTST TV DRYATS)
OIMENSION PSL (20),VLE(20)
COMMONY/ /PCPRI(1020),PBDISCL1O00),RUN,P OP.NPYS
7 T COMMON/PLTHDR/ SKOT,CHG,WES, CVOL,AREA,Vﬁ A
READC4,3)YFIMP,GAMA,RRD, CVL,(TYPE(N).Ntx,dJ
3 FORMAT(FA,1,F8,5,:8,4,F8,2,442)
T READUIA,AYPRE T T
4 FORMAT(10FE,.1)
READ(4,8)RATE
TUS FDRHAT({pFE. M)
READ(4,24)VEE
24 FORMAT(10F8,1)
TTTUREFADTA,TAYPSY T T T T
28 FORMAT(10FE8,3)
READ(4,24)VLE
T READ(4,283P8L
PITs{,8
TADBGARA/ (GAHA=Y,)
B REAUTE, 7YARER, CVOL , SROY, RUN, WEB, BEYR, CHG ,SLPRS, SABPR
TP FORMATIFY (3,F7 3, F7 3,F2.1,F7,4,F7,2,F2,3,2F8,1)
READ(4,14) RFST,HGBL HG!P HGSH HGIV.HG!T.ALEA;BLTA
Yl FDRHAT(BFIG.Bi T
READC(4,158) IPT,0AN,DOT,DIN,YLIN,WMOL
118 FORMAT(I1,6F10,7)
WPy LY T ORTPY, BT 5y 1PTel
16 NPTS=a
EFmMnp
T ACELeg
VEL1sR
AVOLeCVOL
LEL
RAT=R,
NPTSwg
T Kyved
8L1I8e9,
HLGPuQ

— REPPRE T
ILFey
JFGeg
‘RTF=2789,
KUEs=t
¥,G=8,

ALBYSU, T
TLGSmNGIT
0r07Tsa,
GBLGay,87
GLG=GMLGel,
WHAL5d,

GAGEY (= (1 ,/GML5)
CPLGaMGLP
CPEGeCPLEG oo T e e
TIKEsQ,

DELTAG noQ1

TTOYLBSeRGIV T T T
HGIDWHGIPeuMAL / (RTFaHGITH12,)
HGMaHGIDwHGEY
BPed,

VELsP,



TABLE 5. CONTINUED

IF{wHMOL LE,B,2) wxOL®24,
TFoWMOL2F IMB/RTF
XTFaTF
GINSSCPRSeNMOL/(RYFeTFw12,)
FYOL®CVOL {CHG/RHOY
GO TO (125,123,12R,123,123),1PT
120 FPysp,
RTs@,
BARIs8 ,oCHG/ {RHO*WEB)
GO YO 132
TZ3 A0ToDCTeN0Te3, {41774,
AINSOINDINGI 141774,
IF(IPT EQ 4 AINE? ,BeAlN
IFLIPT EG,S) AlINe19,PedlN
AEFRAQTaAIN
GRNSHCHG/ (AEF XL IN®RFD)
T 60 b 130 T
125 BAREnZ ,#CRG/ (RHOewEB)
130 WRITE(S,8)
© 7 B FORMAT(1Mi,81mr SHOT wT, CHARGE WEB B, LENGTH  CMB VOL
1BORE AREA/7)
NRITE(B,9)8M0T,CHG,NEB, RUN,SVOL, ARER
T O PORMATIFIQ.2,F80,3,FI8. 4, F1A T FIB. S, FIQ 2777y
WRITE(E,20)

29 FORMAT (24K LIGHT GAS GUN DATA +60H SHOY WEIGHT BLLENGTH
T {CHB VoL, BORE AREA WEAT LOSS) o
WRITE(8,25) HGSM, mGBL,KGIV,ALE4,BLTA

23 FORMAT(“?X:Fl! 5 Fll 2 th 2 Fl? 3 Fl2 2)
TTTTT ODATA(YYsWMDL
DATA(2)aXLIN
DATA({3)aDOY
T DATAL4YeDIN
HRITE(8,30)wMD ,BETA, (TYPE(N) NEE,4)
R FORMAT(IIExu MOLECULAR WEIGHT = ,F3,1,23H HEAT LOSS FACTOR ?3 'S 4
TR, 2,32H PROPELLANY USED INTSYSTEN IS L 4RZ77Y
GO TO [31,33,33,37,61),1RT
31 WRITE(S,32)

32 FORMAY(S8H PROPELLANT FORM 18 BINGLE PERFORATE OR CONSYANT SURFA

1CE2)
" 00 T0 89

ey SIITETE, 34y 7 ,
*1 ORMAT(47H  PROPELLANT FORM 18 DETERRED SINGLE PERFORATE//)
GO TO 60
33 WRITE(S,38) : e
36 FORMAT(3SH  PROPELLANT FORM 18 DETERRED BALL//)
G0 T0 8a

I WRITE(E,38Y T 7T 7
38 FORMAT(ATW  PROPELLANT FORM S DETERRED SEVEN PERFORATE //)

40 o §2 L . e e

‘64 WRITE (4,482)
62 FORMAT(49%  PRCPEZLLANT FORM 13 OETERRED NINETEEN PERFORATE//)

53 WRITE(SB,95)
TUB FORMAT(2Y, {{Huadas (aaedse [ TUX,THR PRUPECUANT STUE, [OX, TIR#& 3770
feekve, SY, 1 3nenveverreeene, 10X, 1 dHLIGHT GAS SYUE, 1BYX,{@Haeevereoes)

WRITE(E,98)

98 FORMAT(BY,4WTIME, 4X, 1AHCHAMB PREY,4X,6HTRAVE(, 4X, iiﬁPROP BURNED, {8 ~

{HPRES 3L09£.3¥.17N¥ELOC!TY"CB 99E5a3X.B”VELOCITY 4%, 6HTRAVEL,5X,?
2HBS PRES-&X.#&?ENPS
Bred,.@
VEL2e2,
8pISsd,.a
T PYOPE3Rae,
CPRS=3LPRS
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TTTTTTAING G, BedINTT

T T VELYWASSEVELRY T T

TABLE 5. CONTINUED

GAMBa(l,«BETAYs(GaMA=L,)

DO 39 Jsy,37ee,1

IF(BLIS,GE.HGBLY GO TO 39

GO TO (7¢,135,74,134,1343,1IP7

TT{YE 1P (RATS WEBY :35 Ya,24

135 RAToRe UOQBS
OINtU!NQRAY
L INSXLINRAT
AINSDINSNINSY, 1417/4,

ATXNDINe3 1417 o
1FCIPT RE,4) 60 To 132
AINa?, e.szu
A!Xt?.ectlx
GO YO 138

132 YF(IPT NE,_ B3GD TO 136
AINE19,QeRIN

136 AEFsAQT=aAIN
BARERGRNS# (2, ¢ AEF XL INCATX])
T7r4 Jasy
1F(CPRE,LY,300,0) GO TO 7§
78 IF(CPQS-PRS(JA))77,76 5

73 TAs Tl T
GO Yo 78
78 RSRATE(JA)
7T 60 Y0 1@
77 DITEPRS(JAY=PRE(JA=])
DATIRATEIJA)-ﬂtYEfJiﬁl) _

T PIGACPRESPRS [JAa={Y
BIMS{(PIG/DIT)*DAY)
ReRATE{JA=])eDIN
IFIVLG, LT VLE(C1)) GO YD 93

9% IftvLE(KG)-vLGJQQ 93‘9‘
**yw‘xsaxcxt
. 30 9%
93 orLs-psths: .
"""" GO 10 54 - ’
94 NXGGCVLG-VLE(xa-1}31KVLE(KG)-VLEtKG-13J
DFLLs (PSL{KG)aPSL (KG=1)) ¢HIGPSL (KG=1)

98 CONTINUE™ T
1F(BP=CHG) 1§,80,88
88 ONOTu@
- 50 T0 12
11 IF (IPT,NE,3) GO 71Q 149
IF(RT=0AN) 14%,145,150

14 REIRFLL,EYEIT, e (L ERTIURRTT
RYSRT+ReDELTA
150 IF(FPU=,8) 135,155,140
138 BAREoRARLe () = (FPUeet TY)’
{4% ONOTaReRHO®BARE
BPuadP« (DNDTDELTAY

T TP THEPP LY UPRSY HEPPRIRS
IF(JFG.GT.1) 60 YO (2
1F(CPRS,.T,.SABPRY GO TO 54
DELTis, 300305
JFGs8

12 vYELIsVELR

RIME (VEL2#VEL2)//GAMAWI2 1 7¢FINPePIT«TF/XTF)
RODTwt,./7t1.,+(((GamA=L,)/2, )-RTR))
TUTsROOT#eTAD

PREXsCPRSeTUTY
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TABLE 5. CONTINUED

KQay
50 IF(VEE(KN)=VEL2)51,52,53
51 KOaxfey
GG TO 3@
T 87 PFACeRSYIKD)
GO TO 59
53 NlG-(VELQ-VSE(KD-l))itVEE(KD}-VEE(KO-I))
PFACa((PSY(KD)=PSY(KDw1))wNAG)+PSY(KD=1)
59 EFMa(SHOTe(CHG/PFAL)} /32,17
PROXSPREY
TTTUOIF(VEL2,LT.9,) PROXECPRS
ACELS(PROX=CPLG)sAREA®32,17/8HOT
VEL2sVEL 1+ {ACEL*DELTA)
ACOLw (ACEL*DELTAY /2,
BINCE(VELI®DELTAY«{ACOL*DELTA)
BDISsBDISe(BINCe12,)
Y AvOLafVOLS(BDIZeaREAY
IF{ILF=3) 22,22,29
22 IF(RFS8T=CPLG)Y 19,19,23
19 ILFes
20 ALGTwCPEG®32,17¢ALEA/HGSH
VLGIevLG
T VLGeVLGe{ALGTSDELTSE) ’
BLICI(VLGtDELT&)otALGT-DELTA-OELTAIZ }
BLISeBLIS+BLICY{2,
23 TLGSs TLG5+DYDT « DELTA
18 OLODTsvEL?
GLEX®=GMLG/GLE
PLEBR L +TGLA#VLGoVLGeWMAL7TB4, I4TLTI4RTF«GHLE))
PLGRuPLGBweGLEY
CPEGuCPLGPLGR
XLGSsHGIVe(BLISeALFA)~(BDISwAREA)
VLGSuXLGS=CVLeHGM,/3,
IF(OFLG,EQ,B,) PHGMEG,
"IF(OPLG,FO,E,Y GO YO 28 T
PHGMuMGM/ (OFLG«32,17)
28 CONTINUE
T PLGAWLQ,oCPLGeAREASVEL2/VLGS
EFGLE(PHGMS (HGSM/32,17))e(BLTA+L,)
PLGBu12 oCPLGYALEA«v G/VLGS
PLGLW{Z , vEFGLeVLGwALGTSGLG/VLGS
PLGDA12,*+HGMeRTFaDTOT/ (GLGOVLGSaMAL)
DPLGEPLGA=PLGB=PLGC+PLGD
T DYDTe YLGS » DPLG TeGAG/CPLG T T T
IF{ILF=3) 54,544,356
54 XUEsRUE+]

IR RKUE S ER,AY T GUTEUES
GO 10 %7
8% XUEso
7788 CONTINUE
KUvexyvet

IF(KUV,LT,2) 6O TQ 37
RUVAW T T

WRITE(S,99) TIME,CPRS,BDIS,FPU,DPDT,OLDY,CPLG,VLG,B8LIS,CPEG,TLGS

99 FORMAT(F12,7,F12,1,F12, 3.?12.4 7F11.2)

87 CONTINUE i o ' .
IF(HLGP,LY,CPLG) HLGPsCPLSG
CPLGECPLG (OPLG#DELTA)

T BLDYSVELZ T

UBWS (CHGwBP) /RMO
CovLsCvLeBP

GARVsGAMB :
IFCACELLLT,0,) Gamvep,
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il

I{f FORMAT(///710%,33H LIGHY GAS GUN MUZZILE" VELOCITY 18,F8,1,8KHFT/SEC)

TABLE 5. CONCLUDED

CPOTs ((ONDT*FIMP«12,)=((GAMVSEFMeaCEL»VEL2*12, )+(AREA'CPR5-VEL1¢12
143337 (AVOL=(UBWSLOVL))

DOPERJ
TIﬁEuTIHE¢DEL?a
‘FoysBp/LHG
IF(CPR3,GT,PTCP) PTOPSCPRS :
GNS(GINeFVOL#BP) / (AvOL=(UBW+COVL))
TFaCPRSeWHOL /(GNORTF»12,)
CPREsLPARSH(DPOTSDELTA)
IF(CPLG, GE @8, ) GO TO 39
T HGBLEBLYY T i
WRITE(B,4)) BLIS

41 FORMAT(//47H CASE TERMINATED AS MAXIMUM VELOCITY REACHED AT,F6,1,

T 417H INCHES OF TRAVEL///) o
39 CONTINUE
79 CONTINUE

T CNIYSIBLYISSRGBLY/HEBL

CPICR(VLG=VLGI)YCNITeVLG
WRITE(E,111) CPIC

WRITE(6,112) WLGP

{12 FORMAT(18X,28HLIGHT GAS PEAXK PRESSURE 18,F8,1,4H4 PSID

T WRITETS,T{3Y RCPP "
$13 FORMAT (10, 32RCOMBUSTION SIDE PEAK PRESSURE 185,F8,1,4H PSI)

Go Y0 §
END
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Figure 7. Combustion Tube Pressure - Firing No. 4 : i
E
i

L i i g o e

R T B St Lo N LN ST, it > 73

e




15,000} - |-

{1sd) 34NSSIHd

TIME

Figure 8. Pump Tube Pressure - Firing No. 4
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